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Fracture Intensity Distributions during Compression of Puffed
Corn Meal Extrudates: Method for Quantifying Fracturability

A.H. BARRETT, S. ROSENBERG, and E.W. ROSS

. ABSTRACT

The distribution of fracture intensities occurring during compression
of puffed corn mea] extrudates was described using an exponential
fonction, and parameters from that analysis were used as fracturability
indices, Since ‘“jagged”’ or oscillating stress-strain functions are typical
for porous and brittle materials, fracture intensitics were determined
by measuring the abrupt, sequential reductions in stress produced dur-
ing compression. Both distribution exponent and cumulative fracture
stress correlated strongly with fracturability measured by other tech-
niques, including fractal and Fourter analysis of stress-strain functions,
Distribution parameters also indicated fextural differences due fo pro-
cess parameters (structiral modification through addition of different
levels of sucrose) and storage conditions (equilibration at various rel-
ative humidities).
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INTRODUCTION

FrACTURABILITY is an important textural property of many
widely consumed foods. “‘Crunchy”” products, which are often
porous and brittle, constitute a large category of breakfast ce-
reals and snack foods. Many of these products are formed by
high-temperature, short-time extrusion, which effectively puffs
the material into a cellular and open structure. Texture in these
products arises from an incremental and progressive fracturing
of cell wall components in response to deformation, During
mastication such fracturing gives rise to specific sensory per-
ceptions such as crunchiness. .

Fracturability is a complex mechanism often requiring so-
phisticated instrumentation and mathematical techmiques to
evaluate. Previously, texture in extrudates has been evaluated
by force-deformation analysis and determination of elastic
properties such as modulus (Smith, 1992; Halek et al., 1989;
Launey and Lisch, 1985) or single-parameter faflure properties
such as breaking stress (Lai et al., 1989; Faubion and Hoseney,
1982). More recently, fracturability has been described by
analysis of extended strain compression functions, in which
repeated fracturing results in oscillating stress levels—giving
rise t0 “‘jagged’’ stress-strain relationships. This property was
described in terms of Fourier and fractal analysis by Barrett et
al. (1992) and Rhode et al. (1993), and used in Symmetrized
Dot Patterns (SDP) plots by Peleg and Normand (1992). In
those studies Fourier analysis provided power spectra that in-
dicated frequencies of fracturing, and fractal analysis provided
a numerical measurement of the overall roughness of the
stress-strain function; SDP plots were used to visually deter-
mine differences in the failure patterns of foods. Fracturability
parameters from fractal and Fourier aralysis, respectively frac-
tal dimension and average intensity within specific frequency
ranges of the power spectrum, correlated with extrudate struc-
ture and sensory texture (Barrett et al.,, 1994). One of the ad-
ditives these authors employed to vary cell structure was
sucrose, which has been reported o alter extrudate expansion
and/or mechanical properties (Hsieh et al., 1990; Ryu et al,,
1993; Sopade and Le Grys, 1991).
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Fig. 1.—Procedural sequence for determining fracture intensity
(stress difference) distributions. X refers to stress.

Qur objective was to describe quantiatively the distribution
of fracture intensities that cceurs during compression of extru-
dates and to use parameters from those distributions as frac-
turability indices. Such a methodology employs mathematical
procedures that are readily available in basic spreadsheet pro-
grams, Extrudate structures and mechanical properties were
varied through addition of different levels of sucrose; textural
changes in the samples were also produced by storage at ele-
vated humidity. Parameters from fracture intensity distribu-
tions were tested for correlation with fracturability parameters
from fractal and Fourier analysis.

MATERIALS & METHODS

S1x BATCHES OF CORN MEAL (Lincoln Grain Co.) extrudates with su-
crose contents of 0, 2, 4, 6, 8, and 10% were produced on a Werner
and Pfleiderer ZSK-30 twin screw extruder, For each batch, a feed rate
of 27 kg/hr, a moisture content of 15%, a six-zone temperature profile
of 38-38-116-116-138-138°C and a 4 mm die were used. Extrudates
were freeze dried after extrusion. Samples for high-humidity tests were
equilibrated over saturated solutions of KCO, (43% RH) and NaCl

 (75% RH) for 48 hr.

Compression

Extrudates were sliced into 12 mm thick discs and compresgsed to
50% strain on a Texture Technologies TX2 texture press interfaced
with a Zenith 286 computer. Before compression, three caliper meas-
urements were taken of the diameter of each specimen and averaged.
A compression rate of 0.2 mnys and force-distance data acquisition
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Fia. 2—Fracture intensity distributions {6 replicates combined}
for samples containing 2% sucrose and 10% sucrose.

Table 1—Fracture intensity distribution parameters and extrudate expan-
sion

Exponential distribution
parameters and fit

Extrudate
Sucrose b c expansion
content {Exponent) (Coefficient} ?o ratio -
0 0.352 10.5 - 0.87 30.8
2 0.490 15.5 0.90 289
4 0.307 10.6 0.95 28.9
6 0.383 116 0.86 26.8
8 0.209 7.0 0.86 © 245
10 - 0.093 30 0.78 16.8

rate of 12.5 pts/sec were used. The middle 2/3 of each compression
curve (8—42% strain region) was saved for analysis, Samples were
compressed at room temperature (25°C).

Cumulative fracture stress measurement

Force-distance data files were imported into a Minitab™ statistical
program, converted to siress-steain values and analyzed in the proce-
dural sequence shown in Fig. 1. Incremental chanpes in siress were
determined by differences in the data according to the formula:

Ay =% — %y

In the difference data file negative A,; values indicate reductions in
stress, or fractures, whereas positive values are incremental increases
in stress due to compression (Fig. 1b). A frequency distribution of
fracture intensities (negative 4A,; values) was constructed from the dif-
ference data, (Fig. 1¢) and numerically summed to determine the cu-
mulative fracture stress. Six replicates of each sample were compressed
and the summed fracture intensities averaged,

Fractore intensity distribution analysis

The six frequency distribution replicates for each sample were com-
bined and then truncated by removing the largest 5% of the stress
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reductions (since the distributions were long-tailed). This distribution
was divided by 6 to yield an “‘average’’ distribution per compression
and fitted to the exponential form

y = frequency = Ce®)

where C and b are parameters of the distribution. The exponent, b,
indicates the relative preponderance of low intensity vs high intensity
fractures; the coefficient, C, indicates the number of fractures below a
minimum observable ron-zero stress reduction.

The distribution tail (high intensity fracture range) was investigated
by the extreme value procedure proposed by Gumbel (1958). This
method tested whether the largest fracture intensities were consistent
with the main body of the exponential distribution or arose from an
entirely different distribution (suggesting a different mechanism for
Tow and high fracturc intensities). The following relationships were
used: if U is an exponential random variable with density function bet,
and Ly(n)} is the largest value of U in a sample of size n from that
variable, then o :

: .Ln_(p)-=m.eanofl.u(n)=%k§:;%

o2, = variance of L (n) = = 2 -1-(1;
if n>>1, then
L@ =~ (n@m) + 0.577)
Oy ™ TH(ED7)
if the most extreme value satisfies the inequalities
HI:(I‘_) - 20‘:.‘,@) =L(m)= r(n) + 20

then it can be conclnded (with ~95% confidence) that the extreme
value does not conflict with the exponential model, ie., the mechanism
goveming very large fractures is not inherently different from that gov-
erning moderate ones. The three largest stress reductions in the com-
bined, untruncated distributions were also averaged to assess the
relative contribution of high intensity fractures to cumulative fractur-
ability.

Fractal and Fourier analysis

The fractal dimensions of the stress-strain functions were calculated
using the Blanket Algorithm method described by Barrett et al. (1992),
Normand and Peleg (1988), Peleg et al. (1984) and software written
by Mark Normand (University of Massachusetts). Fractal dimension
was determined for each of the six compression curve replicates and
averaged, _ : .

Powet spectrz of the stress-strain functions were obtained using a
Fast Fourier Transform algerithm from Systat. Parameters were ob-
tained from the power spectra according to the procedure described by
Barrett et al. (1994) and Rhode et al. {1993); spectra {obtained from
the sum of the squares of the sine and cosine terms of the FFT) were
averaged within specific frequency ranges and these values were av-
eraged across replicates. The two frequency ranges used were 0.44—
0.78 and 0.83-1.07 sec!, respectively, comesponding to the 2nd and
3rd sixteenth sections of the power spectrum. Means were averaged
across the six replicates,

RESULTS

REPRESENTATIVE FRACTURE INTENSITY distributions for the
2% and 10% sucrose samples are shown (Fig. 2), itlustrating
how the number of fractures increased as fracture intensity
decreased. However, the distributions were long-tailed, and
showed the existence of a small number of fractures of very
high magnitude. A substantial difference exists between the
two plots since the distribution for the 10% sucrose samples
was flatter and extended much further towards high magnitude
fractures (plot does not show extremes of this distribution). By
contrast, the bulk of the 2% sucrose distribution was in the
low fracture magnitude range. While sucrose level influenced
this difference in fracturability, the mechanism was possibly
largely structural since high sucrose levels reduced expansion
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(defined by extrudate cross sectional area/die cross sectional
area, Table 1). Furthermore, cell sizes in the 6 sample lots
appeared visually different.

The log of cumulative fracture stress is plotted against frac-
tal dimension {which has theoretical limits of 1 and 2 for im-
ages) (Fig. 3a) and log average power in the two frequency
ranges (Fig. 3b). Cumulative fracture stress correlated closely
with either fractal dimension or average power, and correlation

coefficients for those relationships were respectively (.98, 0.95
{first frequency range) and 0.96 (2nd frequency range).
Parameters from the fitted exponential distributions were
compared (Table 1). Regression coefficients were in all cases
hetween (.86 and 0.95 except for the 10% sucrose sample,
which had more scatter in the distribution (12=0.78). The
model exponent, b, is plotted against fractal dimension (semi-
log plot) and average power (log-log plot, Fig. 4). Regression
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Table 2—Extreme values of fracture intensity distributions and confor-
mance to exponential mode!

Average of 3

largest
Largest fracture
fracture intensities,
Sucrose intensity, kPa kPa
content {inB {in6 —
(%) n replicates)  replicates) L(n) 420,
0 353 24.6% 188 255
2 368 27.5 228 18.4
4 323 27.9% 25.3 29.2
3] 377 21.2% 17.8 24.9
8 413 45.6 35.5 43.8
10 430 62.3* 62.1 99.2

# Within extreme valus limit.

Table 3—Effact of ralative humidity on cumulative fracturability
Cumulative fracturability {(kPa}

Sucrose Freeze dried Equilibrated samples
content {%) samples 43% RH 75% RH

[+ 184 32 9.6

2 173 34 22

4 252 64 32

B 194 58 19

8 342 68 26

10 723 168 16

coefficients for these relationships weré respectively 0.98, 0.97
(first frequency range) and 0.95 (2nd frequency range).

Analysis of the largest stress reductions by extreme value
theory showed that these fracture intensities in general con-
formed to the exponential model. Parameters of this analysis
(Table 2) showed the largest fracture intensity, in the six rep-
licates combined, was well within the extreme value Iimit of
L) + 20;,, in four cases (0,4,6, and 10% sucrose) and very
close in a fifth (8% sucrose). For the remaining sample, the
three largest fracture intensities were higher. than the predicted
value. However, those fractures occurred in only two of the
sample replicates, and the remaining four were well within the
extreme value limit for this distribution. The averages of the
three largest fractures were also compared (Table 2). These
values correlated generally with cumulative fracturability and
were approximately equal to 10% of the cumulative fractura-
bility.

Loss in fracturability due to moisture sorption was reflected
in the cumulative fracturability measurements (Table 3). Re-
ductions in cumulative fracture stress between 71 and 83% for
samples equilibrated at 43% RH (yielding wet-basis moisture
contents between 8.8 and 10.2%) and between 87 and 98% for
those equilibrated at 75% RH (viclding wet-basis moisture
contents between 10.9 and 11.8%). Distributions of fracture
intensities were not fitted for these samples due to extreme
losses in fracturability produced by equilibration. Furthermore,
reductions in stress during compression of equilibrated sam-
ples were primarily of very low magnitude (> 80% smaller
than 2 kPa for 43% RH samples; > 95% smaller than 2 kPa
for 75% RH samples).

DISCUSSION

FRACTURABILITY IN BRITTLE, puffed extrudates results from a
multitude of individual fractures of varying magnitude. Frac-
ture intensities form a distribution with a relatively greater
number of low intensity fractures and proportionally fewer
high intensity fractures. This distribution could be reasonably
well described by an exponential function. A small number of
very large fractures cause these distributions to be considerably
long tailed. However, the highest intensity fractures can be
shown to be consistent with the exponential distribution by
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extreme value theory. That the distributions showed a range
of fracture intensities was somewhat expected, given that the
extrudate structures were nonuniform and also had wide dis-
tributions of cell sizes. Extrudate cell size distribution was de-
scribed by right-skewed functions such as the log Normal and
the Rosin-Rammler by Barrett and Peleg (1992); both func-
tions accominodated the preponderance of smaller-sized cells
observed from image analysis of the samples.

Fracturability parameters from fracture intensity distribu-
tions were related to those obtained through previously pub-
lished fracturability-assessment techniques. Distribution
exponents and cumulative fracturability correlated  strongly
with either the fractal dimension or power spectrum averages
derived. from stress-strain functions. Such a correlation was
reasonable, given that each technique is based upon analysis
of the oscillating behavior or “jagged’” quality of the original
function. An analogous correlation between fractal dimension
and power spectrum averages was reporied by Rhode et al.
(1993). Furthermore, both fracturability parameters were re-
lated to structural characteristics and sensory texture by Barrett
et al. (1994).

Quantification of fracturability by distribution analysis pro-
vides an alternative method to describe the texture of porous
and brittle foods that can, furthermore, be applied using con-
ventional statistical software. Parameters from this distribution
can be used to quantify fracturability and to differentiate sam-
ples with different processing or storage histories. While use of
an exponential function to describe fracture intensity distribu-
tions may be practically limited to reasonably brittle structures,
cumulative fracture stress can be used to evalvate a wide range
of samples that includes both brittle and nearly-plastic products.
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